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Abstract
We have measured the triple correlation D of the neutron polarisation and the momenta of electron and antineutrino,
dW ∝ 1 +DP (pe × pν¯ ), in neutron beta decay. Our result is D = [−2.8 ± 6.4(stat)± 3.0(syst)] × 10−4. The corresponding
phase between gA and gV in V–A-theory follows as φAV = 180.04◦ ± 0.09◦. This result improves the limit on a possible T
violation in neutron beta decay.
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CP and T violation as discovered in the system of
neutral Kaons is implemented in the Standard Model
of particle physics (SM) via a free phase in the quark
mixing matrix. First results from B factories are in
reasonable agreement [1]. However, theories beyond
the SM like supersymmetric or grand unified theories
would open new channels for CP and T violation.
Since a generation of the baryon asymmetry in the
universe within the SM seems to be ruled out [2] such
channels are searched in various processes.
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Open access under CC BY license.The neutron is a well suited system to search for
new sources of CP and T violation. The violation pre-
dicted by the SM is far beyond the experimental pos-
sibilities, whereas new theories permit observable ef-
fects. The electric dipole moment of the neutron is a
sensitive parameter, but time reversal violating cor-
relations in neutron decay have a more direct theo-
retical interpretation and may be more sensitive for
specific models: the experimental limit on the triple
correlation of the neutron polarisation and the mo-
menta of electron and antineutrino (D coefficient) puts
the most stringent constraints on phases in leptoquark
models [3].
The momentum distribution of electron and anti-
neutrino for polarised neutrons is [4]:
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Here, g is a normalisation constant, GE the electron
spectrum, P the vector of the neutron polarisation,
Ei the energy, pi the momentum, and dΩi the solid
angle of electron e and antineutrino ν¯, respectively.
The coefficients a, b, A,B , andD are parameters to be
determined experimentally. In standard V–A-theory,
the absolute value of the ratio λ = |gA/gV|e−iφAV
of the axial and the vector coupling constants can
be obtained from A, a, or B; in combination with
the neutron lifetime τ the absolute values of gA
and gV can be derived. The relative phase φAV,
however, is most sensitively determined via the triple
correlation D.
The observation of D = 0 would indicate time
reversal violation. The world average published in
[1] is D = (−0.6 ± 1.0) × 10−3. Final state effects
(weak magnetism and Coulomb contribution) give
Dfs ≈ 10−5 [5], well below the present experimental
precision. The prediction of the SM is D ≈ 10−12
[6]. A detailed comparison of the sensitivity for
physics beyond the SM of electric dipole moments
and possibly time reversal violating correlations in the
neutron decay is given in [3]. For leptoquark models,
values for D up to the present experimental limit are
possible.
We present here a new measurement of the D co-
efficient using the experimental set-up Trine. Prelim-
inary results of this experiment were already given in
[7], where the Monte Carlo (MC) simulations for sys-
tematic error determination were not yet included.
2. Principle of the measurement
For slow neutrons the detection of the decay pro-
tons is equivalent to the neutrino detection due to mo-
mentum conservation. We consider the asymmetry αij
in the coincidence count rate Nij of an electron detec-
tor i and a proton detector j for two opposite direc-tions of the neutron polarisation:
αij = N
ij
↑ −Nij↓
N
ij
↑ +Nij↓
.
In general, αij depends on all coefficients a, b, A, B ,
and D defined in Eq. (1):
αij = P (Aκ ijA +Bκ ijB +Dκ ijD) with
κ
ij
ξ =
K
ij
ξ
K
ij
1 + aKija + bKijb
, ξ ∈ {A,B,D}.
The numbers Kijξ , ξ ∈ {1, a, b}, and the vectors K ijξ ,
ξ ∈ {A,B,D}, originate from integrating Eq. (1) over
the detector combination i ⊗ j and the decay volume
(see, e.g., [8] for the definition of these integrals). They
denote the sensitivity of the detector combination for
the coefficient ξ ∈ {a, b,A,B,D}. The ultimate goal
of detector design and data analysis is to enforce
the influence of the coefficient D and to reduce the
influences of all the other ones. The coefficients a and
b scale only the value of D, but A and B can give
an offset in the measured asymmetry and have to be
suppressed carefully.
This suppression can be done by two means:
(i) choosing a detector geometry with κD ⊥ κA and
κD ⊥ κB . This requires a symmetry plane of the detec-
tors and the decay volume. In this case the components
of κA and κB perpendicular to the plane vanish and the
influence of A andB is suppressed by choosingP ‖κD
(perpendicular to the plane). However, this geometry
is very sensitive to a deviation from this symmetry,
e.g., a misaligned polarisation vector or a divergent
beam. (ii) κA and κB behave differently from κD un-
der mirror reflection. If the detector arrangement (con-
sisting of at least two electron and two proton detec-
tors) and the decay volume share two symmetry planes
which are perpendicular to each other and both paral-
lel to the neutron beam one finds (for two electron and
two proton detectors 0 and 1):
(2)αD := α00 − α01 − α10 + α11 = 4DPκ00D .
The influences of A and B coefficients cancel com-
pletely. Such a geometry is insensitive to a deviation
of the polarisation vector from the detector axis (the
intersection line of the symmetry planes) and a beam
divergence that respects the symmetry. Systematic ef-
fects can arise from deviations from this symmetry. In
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αD = 4P
(
AκDA +BκDB +DκDD
)
with
(3)
κDξ := κ00ξ − κ01ξ − κ10ξ + κ11ξ , ξ ∈ {A,B,D}.
Eq. (3) can be used to calculate systematic effects
due to deviations of the detector from the requested
symmetry.
All precise D measurements [8–10] used geome-
tries that fulfil conditions (i) and (ii). However, exper-
iments with high statistical sensitivity use large detec-
tor (-arrays) which may show inhomogeneities in the
detection efficiency (see [10]). The unique feature of
the Trine detector is the use of multi wire proportional
chambers (MWPCs) for a spatial resolving electron
detection and segmented proton detectors permitting
an off-line implementation of the symmetry condition
(i) for each individual proton detector.
3. Experiment with the Trine detector
A cross-section of the Trine detector is shown in
Fig. 1.
An experimental challenge in a D measurement
is the detection of the low energy decay protons
(endpoint energy of the spectrum 750 eV). The protons
have to be accelerated prior to detection. For this
purpose, in the Trine detector, the neutron beam is set
to an electrostatic potential of 25 kV by a surrounding
high voltage electrode. The electrode in the vicinity
of the proton detectors is shaped to create a focusing
field. The detectors are held on ground. They are
special low noise PIN diodes with extremely thin
entrance windows (dead layer 25 nm, thickness of
intrinsic layer 100 µm, diameter of active area 10 mm).
See Ref. [11] for more details on proton detection.
The electrons are detected by plastic scintillators
(560 × 158 mm2, thickness 8.5 mm) in coincidence
with MWPCs (active area 600 × 400 mm2). The
purpose of the MWPCs is twofold: they suppress the
gamma-ray background and their position sensitivity
reduces systematic errors.
The detector arrangement consists of four non-
equivalent detector combinations with the geometri-
cal mean angles of 50◦, 82◦, 98◦, and 130◦ between
electron and proton detector, for example, the combi-
nations Aa, Ad, Ab, and Ac, respectively. The statis-Fig. 1. Cross section of the Trine detector: 1—detector chamber
containing the counting gas, 2—inner vacuum chamber, 3—neutron
beam, 4—plastic scintillator, 5—MWPC, 6—electrode for proton
acceleration, 7—PIN diode, 8—housing for PIN preamplifier. The
polarisations points in z direction perpendicular to the plane of the
drawing. A-D and a-d are the notations for the scintillators and the
PIN diodes rows, respectively, that are used in the text.
tical sensitivity of the two small-angle combinations
is rather poor. Moreover, their sensitivity to the parity
violating coefficients A and B is large. Therefore only
the 98◦ and the 130◦ combination are useful for data
analysis of D.
The full detector consists of 16 PIN diode planes all
sharing the same scintillators and MWPCs (see Fig. 2).
In the experiment, the 12 central planes and plane 16
were equipped with PIN diodes (plane 16 for control
purposes only).
The experiment was carried out in 2000 at the
polarised cold neutron beam facility PF1 of the Institut
Laue Langevin (ILL). The ILL operates a 58 MW
heavy water moderated research reactor. The facility
PF1 [12] is located at the end position of a 60 m long
58Ni coated neutron guide connected to the horizontal
cold source (liquid deuterium at 25 K). The guide
with a radius of curvature of 4000 m and a cross
section of 6×12 cm2 provides neutrons with a thermal
equivalent flux of 4× 109 cm−2 s−1.
The neutrons were polarised by a focusing super-
mirror polariser (cross-section 6× 12 cm2). Every 3 s
the direction of polarisation was inverted by a reso-
nance spin flipper. A beam polarisation of 0.974(26)
was measured using a supermirror analyser. The flip-
ping efficiency was 0.998(2). To align the neutron spin
52 T. Soldner et al. / Physics Letters B 581 (2004) 49–55Fig. 2. Horizontal cut of the Trine detector. The longitudinally polarised neutron beam enters the chamber from the left side through diaphragms.
From outside to inside are shown the detector chamber, the scintillators with light guides and photomultipliers, the MWPC, the Mylar foil
supported by bars, the electrode, and the two rows of PIN diodes. For symmetrisation, only events with the electron passing a range symmetric
to the PIN diode plane hit by the proton are accepted in the analysis (as indicated for plane 5 from the left), instead of the full scintillator
(dashed lines).along the detector axis, the detector was surrounded by
a long octagonal coil with correction loops at the ends
for a more homogeneous field. The value of this guid-
ing field was 0.14 mT. The coil was surrounded by a
mu-metal tube to shield the detector against the earth
magnetic field. Within the decay volume, a maximum
deviation of 0.27◦ between the direction of the mag-
netic field and the detector axis was measured.
The beam cross-section was successively reduced
to 17× 36 mm2 over a distance of 2.7 m by a series of
6LiF diaphragms. The distance between polariser exit
and the centre of the detector was 3.2 m. The beam
profile was measured at the beginning, the centre and
the end of the decay volume by activating a gold foil
covering the beam cross-section with neutrons. The
position sensitive activation was read out by an image
plate. In y direction (see Fig. 1) a non-symmetric
beam profile was found, caused by the inhomogeneous
transmission of the focusing polariser. The centre of
mass of the profile was shifted by (0.9±1.0) mm with
respect to the detector axis.
The detector was shielded against gamma radiation
from the polariser and the diaphragms (the latter
mainly due to scattering of polariser gammas) by lead
walls and collimators. The thermal equivalent flux in
the last diaphragm (0.5 m in front of the detector
centre) was about 8×108 cm−2 s−1. The data analysed
in this Letter were taken during 50 days (40 for
statistics, 10 for systematic tests).
Data acquisition worked with a two level trigger
scheme (first level: coincidence of the two photomul-
tipliers reading out one scintillator, second level: co-
incidence of the scintillator with the associated outerMWPC). The second trigger started a time to ampli-
tude converter (TAC) which could be stopped by the
first PIN diode signal within 10 µs. For all events ful-
filling both trigger conditions, a VME based data ac-
quisition system registered the scintillator signals, the
pattern of the wires hit, the pulse height in the PIN
diode hit (if any) and the TAC signal. Furthermore, for
each spin flip interval, monitor data like single trigger
rates, voltages of the electrode and the MWPCs, neu-
tron monitor counts etc. were stored.
The trigger rates were 10 kHz for the first level
trigger (scintillator threshold 90 keV, corresponding to
115 keV for decay electrons due to the electrostatic po-
tential) and 1.1 kHz for the second level trigger. The
resulting dead time was 4.5%. The single trigger rates
of the PIN diodes were between 20 and 200 Hz. The
rate of the coincidence events finally used was 10 Hz.
The temperature of the detector was stabilised to about
(18 ± 1)◦ Celsius. The adjustments of detector elec-
tronics were checked every 10 days, but no significant
drifts were found.
4. Data analysis and results
Individual time of flight (TOF) spectra were cal-
culated for all detector combinations in each sample
using the events fulfilling the software cuts (electron
energy larger than 150 keV, correct pulse height of
the PIN diode signal). Examples are shown in Fig. 3.
The background of the TOF spectra was fitted by an
exponential function in a fixed range before and af-
ter the coincidence peak. The peak areas thus obtained
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different detector combinations without background subtraction.
Smaller angles give lower counting rates due to the kinematics.
were normalised with the neutron monitor counts for
the corresponding spin flip interval to account for fluc-
tuations caused by upstream experiments.
The single asymmetry αij of a PIN diode in a
plane close to an end of the decay volume with an
entire scintillator is large due to the spatial asymmetry
of this combination in z direction, resulting in a
sensitivity to A and B (Fig. 4(a); see also Fig. 2).
This sensitivity cancels by calculating the combined
asymmetry αD (Eq. (2)). However, for a real detector,
effects like inhomogeneous detector efficiencies result
in an incomplete cancellation which may lead to a
false value of D. In the present case (Fig. 4(c)) the
reduced χ2 of the average of αD over the planes is 1.2
for 98◦ and only 2.4 for 130◦ which may be caused
by this effect. Therefore the spatial resolution of the
MWPCs was used to suppress this sensitivity already
in the initial asymmetries by selecting a symmetric
electron detector range for each PIN diode plane (see
Fig. 2). The resulting asymmetry αij is plotted in
Fig. 4(b) and shows clearly the suppression of the
sensitivity to A and B compared to Fig. 4(a). For a
MWPC range of ±10 cm a reduced χ2 of 0.95 and
1.1 was found for the αD average for 98◦ and 130◦
(see Fig. 4(d)), respectively. The slightly higher χ2
for 130◦ was taken into account by multiplying the
statistical error by a factor of
√
χ2/ndf = 1.05. The
change of the αD values for different sizes of the
MWPC range was not fully compatible with statisticsand contributes to the systematic error by 1.0×10−4 in
comparing the D values for different MWPC ranges.
During the experiment, 30 × 106 events were
collected. 13.8 × 106 events fulfilled the condition
for the selected MWPC range. The constants κD
were calculated by MC simulations for this condition
and taking into account all measured properties like
beam profile, energy resolution, thresholds. The values
are κ98
◦
D = 0.406(20) and κ130
◦
D = 0.485(24). The
resulting uncorrected values for D with their statistical
uncertainties are (−7.0 ± 18.1) × 10−4 for 98◦ and
(−2.6± 6.8)× 10−4 for 130◦.
One can distinguish two types of systematic errors:
those scaling with the measured asymmetry (namely
the errors of the values of the neutron polarisation
and the constants κD in Eq. (2)) and those which
may give an offset to the measured asymmetry (via
κDA and κDB in Eq. (3)). Such offsets may only occur
due to deviations from the required detector symme-
try (two longitudinal symmetry planes). The follow-
ing effects were investigated: (a) the asymmetric beam
profile, (b) a difference in the calibration of the four
scintillators (different threshold), (c) a difference be-
tween the spatial dependences of the energy response
of the four scintillators, (d) different energy resolu-
tions of the scintillators, (e) asymmetric electron de-
tection within a scintillator (for example, due to un-
equal photomultipliers), (f) the inhomogeneity of the
MWPCs, and (g) the variation of the result due to the
choice of the symmetrisation range (see above). Inho-
mogeneities in the proton detection can be neglected
due to the high segmentation and the smallness of the
proton detectors.
The effects (a)–(f) were estimated by MC simula-
tions by calculating κDA and κ
D
B and combining them
with the maximum misalignment of the neutron po-
larisation vector, derived from the measured magnetic
field direction in the decay volume. Note that the ef-
fects (e) and (f) can introduce a z-component in κDA
and κDB which cannot be suppressed by a better align-
ment of the neutron polarisation. The non-symmetric
beam profile was used to calculate a correction to D.
The effects (b) and (e)–(g) were estimated from the
measured data by varying the conditions applied in
data analysis (e.g., artificially wrong software cuts to
the scintillator data). The systematic uncertainties are
summarised in Table 1. Since they are independent we
add them quadratically. Note that the energy spectrum
54 T. Soldner et al. / Physics Letters B 581 (2004) 49–55Fig. 4. (a), (b): asymmetries of the different PIN diodes in row d with scintillator B (geometrical angle 130◦). In (b) the scintillator is restricted
to a symmetric range of ±10 cm relative to the plane of the respective PIN diode by means of the MWPC (comp. Fig. 2). (c), (d): the combined
asymmetries αD of the equivalent combinations (130◦) for the full and the restricted scintillators.
Table 1
Corrections and uncertainties of the experimental values. All values are given in units of 10−4
98◦ 130◦
Correction Systematic Correction Systematic
error error
Asymmetry of beam profile (a) +0.9 2.0 +0.3 1.5
Scintillator calibration (b) 1.3 0.8
Different spatial dependences (c) 0.3 0.1
Different energy resolutions (d) 0.2 0.1
Asymmetry of scintillator (e) 3.0 1.1
Inhomogeneity of MWPC (f) 2.3 1.6
Size of symmetrisation range (g) 1.0 1.0
Polarisation 0.2 0.07
Detector solid angles 0.3 0.1
Combined systematic error 4.6 2.8of the electron energy is lower for the 98◦ combina-
tion and makes it more sensitive to asymmetries in the
electron detectors (e.g., thresholds).The two corrected values, (−6.1 ± 18.1 ± 4.6)×
10−4 for 98◦ and (−2.3 ± 6.8 ± 2.8) × 10−4 for
130◦, were combined weighted with their statistical
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statistical weight of the values. The final result is
D = [−2.8± 6.4(stat)± 3.0(syst)] × 10−4
= (−2.8± 7.1)× 10−4.
The phase φAV between gA and gV in V–A-theory
follows as φAV = 180.04◦ ± 0.09◦.
Combining our data with the previous world aver-
age [1], the new world average results in D = (−3.9±
5.8)× 10−4 and φAV = 180.05◦ ± 0.08◦.
The high accuracy of the Trine measurement prof-
its from the suppression of systematic effects using the
spatial resolution of the MWPCs and the high segmen-
tation with 12 used detector planes. Because of the
signal to background ratio of 23 the statistics of the
neutron beam could be used completely. A new mea-
surement with improved statistics and systematics is
in progress.
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